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Continuous Determination of the Oxygen Dissociation Curve for Whole Blood
LulgI Rossi-Bernardi, Massimo Luzzana, Michele Samaja, Mario Davi, Daniela DaRiva-Ricci, Jolanda Minoli, Brian Seaton,' and Robert L. Berger2
We report here the development of a new method that allows continuous determination of the oxygen dissociation curve for microsamples (600 d) of whole blood under conditions of pH, Pco2, methemoglobin concentration, and 2,3-diphosphoglycerate content closely approaching those found in the circulatory system. The method consists of gradually oxygenating a blood sample by adding H202 in the presence of catalase (EC 1.11.1.6), to produce the reaction H202 -H20 + 1/2 02. Because the total oxygen content of blood can be derived from the known rate of H202 addition and the po2 i5 determined in the liquid phase by an oxygen electrode, the two functions (total 02 content) and (% oxygen saturation) vs. P02 are simple to calculate. pco2 and pH are controlled by adding base simultaneously with the gradual oxygenation of blood. The method described thus avoids the direct measurement of oxygen saturation of whole blood.
AddItional Keyphrases: catalase-produced reaction sickle cell anemia #{149} We report here the development of a new method that allows continuous determination of the ODC of microsamples (600 sl) of whole blood under conditions of pH, Pco2, methemoglobin concentration, and 2,3-diphosphoglycerate content closely approaching those found in the circulatory system.3
Methods

Principle.
The method consists of gradually oxygenating a blood sample by adding H202 in the pres-#{149} ence of catalase (EC 1,11.1.6), to produce the reaction H202 -H20 + 'i4 02. Because the total oxygen content of blood can be derived from the known rate of Figure 1 shows the cuvette used for the ODC determination.
The sample compartment has a total volume of 1.0 ml. For estimating the po2 factor, the stopper on top of the cuvette is raised, to obtain a gas phase over the blood in the cuvette.
After equilibration of the blood with air, the sensitive tip of the electrode is exposed to air by aspirating some of the blood. 
(8).
The output of the 02 and CO2 electrodes is fed into an IL 213 electrometer.
The plot of total 02 vs. P02 is obtained by connecting the output of the 02 amplifier to an x = f(t) recorder.
The gain of the recorder is adjusted initially to give a full-scale reading at 80 mmHg po2. At higher P02 values, this gain is reduced by a factor of two to record the upper part of the curve. The start of the recorder is started when the H202 is added.
Experimental Procedure
Manual Procedure
Blood volume required for a complete ODC determination (including pH measurements) is about 1.2 ml. This volume can be decreased, with minor loss of accuracy, to about 600 il by removing the spacer shown in Figure 1 . The blood is first deoxygenated in an IL 237 tonometer by equilibration with a gas phase containing nitrogen plus an appropriate amount of CO2. The P02 electrode is calibrated as indicated before, whereas the pco2 electrode is standardized against the pco2 of the same gas mixture used for deoxygenation.
The pH of deoxygenated blood is measured with a capillary electrode by suction directly from the tonometer.
Blood is sampled by a plastic cally determined by the residual saturation, S, of the sample, as the dissolved oxygen can be considered negligible.
Thus, 02 tht(t0) = G = 2240 (So X C X V0) ml/100 ml and NaOH (VNaOH) in a unit interval of time will displace a corresponding volume of blood from the reaction chamber (Figure 1 ). The total oxygen present in the cuvette at time t = 1 will then be given by
where Qo2 #{176}C, is about 2.7 mmHg/min (11) . This corresponds to an oxygen consumption of about 3.8 X 10 mmol of oxygen per liter. The time required for determining a complete ODC by the present method, once the blood has been transferred from the tonometer to the cuvette, is about 15 mm, so not more than 5.7 X 102 mmol of oxygen per liter will be consumed. This is a negligible quantity (i.e., about 0.5%) compared to the normal total oxygen present in solution at the end of the ODC determination.
However, if the oxygen consumption of whole blood is substantially increased, as found in samples with an increased number of leukocytes or with heavy bacterial contamination, the oxygen consumption of blood will have more pronounced effects on the ODC. The rate of oxygen consumption of blood may be easily deduced at the end of an ODC determination (at po2 > 130 mmHg) by noting the rate of change in po2 with time.
Computer-Operated Procedure
Hardware. 
where a is the coefficient of oxygen solubility in blood and C the oxygen capacity.
As Results Figure 4 shows the interrelationship, at 37 #{176}C, between Pco2 and pH in whole human blood, in the oxy-and deoxygenated state, at various total CO2 contents. Figure 5 shows an ODC for fresh human blood as obtained by the method herein described 
7.4
The continuous line refers to the ODC determined by the method described in this paper, whereas individual points are the results of microgasometric analysis. The insert shows a plot of the data of the main figure according to Hill 
Discussion
The position and the shape of the ODC for human blood is affected not only by temperature, pH, ionic (12) and for whole blood by Duvelleroy et al. and pH run in opposite directions (13) However, oxygenation of hemoglobin in presence of CO2 in a closed system causes a large change in Pco2 and pH. The approach of Colman and Longmuir (14) may represent the first example of the ODC determination in an all-liquid system. In their method the blood is oxygenated and the oxygen present in solution (combined plus dissolved) is then used up at a constant rate by adding a heartmuscle preparation, while the P02 is continuously monitored by polarographic methods. Although further improvements of this method have been proposed (15) , the whole approach has not yet been evaluated quantitatively.
The main criticism is one common to all closed methods: they do not allow for pH and pco2 control along the ODC.
The change of 3 to 4 mmHg at constant pH has only a negligible effect on oxygen affinity (less than 1% of the value of P50). The system shown in Figure 1 can easily be adapted to the determination of ODC at constant pH simply by using a pH electrode instead of the pco2 electrode.
The control experiments reported in Figure 8 show that (a) An example of a pathological case is shown in Figure 7 . the striking effect of the presence of anemia and sickle cell hemoglobin on the oxygen-transporting properties of blood is clearly apparent. The technique described should be very useful in the study of functional properties of blood. For example, a complete characterization of the effect of variation of PH, pco2, 2,3-diphosphoglycerate, and base excess on the ODC of an homozygous sickle cell patient can be ob- Fig. 9 . The oxygen dissociation curve for normal blood and for sickle cell blood and hemolysate Pco, 4 mmHg, pH = 7.4,37#{176}c tamed in one day, with use of a total of 14 ml of whole blood (20) . Figure 9 shows the ODC of normal and sickle cell blood at pco2 = 40 mmHg, pH about 7.4. The two curves have been represented as percent saturation. A separate series of experiments shown in Figures 5  and 6 demonstrates that the curves of Figure 9 truly represent equilibrium conditions. The experiments involved equilibration of completely oxygenated SSblood with various partial pressures of oxygen in a microtonometer for 30 mm, followed by measurement of total oxygen by a micromanometer technique. It is remarkable to find that up to the high 02 saturation range investigated (about 96%), the value of i (the "Hill coefficient,"
12) seems to be identical for SS and normal blood while the P50 of sickle-cell whole blood is shifted greatly to the right. The ODC of sickle cell hemolysate (broken line of Figure 9 ), obtained by freezing and thawing a sample of SS-blood, is seen to be very close to the ODC of normal whole blood. This suggests that some caution should be used with ODC and P50 methods where the blood is hemolyzed before measurement, if done anaerobically. A full clinical study of this point is presently under way.
